We investigate the strong gravitational lensing of spherically symmetric black holes in the novel Einstein-Gauss-Bonnet(EGB) gravity surrounded by unmagnetised plasma medium. The deflection angle in the strong deflection limit in EGB spacetime with homogeneous plasma is derived. We find that both the coupling constant α in the novel EGB gravity and the presence of plasma can affect the radius of photon sphere, strong field limit coefficient and lensing observables significantly.
Bonnet (EGB) gravity [58] , the action of which in D-dimensional spacetime is given by
where α is the coupling constant of the Gauss-Bonnet (GB) term
with R µνρσ the Riemann tensor, R µν the Ricci tensor and R the Ricci scalar. In the 4-dimensional spacetime, GB term is a total derivative, so it has no contribution to the gravitational dynamics. Recently, Glavan and Lin [60] reformulate the D-dimensional EGB gravity by rescaling the coupling α → α/(D − 4), and obtain a novel 4D EGB gravity theory in the limit D → 4, where the GB term can give the nontrivial contribution of gravitational dynamics and it is shown that it can bypass the Lovelock's theorem [61] and prevent Ostrogradsky instability [62] . In addition, a novel static spherically symmetric black hole solution was obtained within this theory.
The novel 4D EGB black holes are free from singularity problem. Their photon sphere and shadow, as well as the innermost stable circular orbit (ISCO) of a spinless test particle [63] and spinning test particle [64] around them, have been calculated. Quasinormal modes of bosonic fields [65] and fermionic fields [66] of the 4D EGB black hole have been investiged, and it is found that for the bosonic fields the damping rate is more sensitive than the real part of quasinormal modes by changing of the GB coupling constant α, while for the fermionic fields the damping rate usually decreases and the real part of the quasinormal modes increases with the increase of GB coupling constant α.
Konoplya and Zhidenko discussed the stability [67] of spherically symmetric black holes in the novel EGB gravity.
Moreover, other topics in this new theory including the charged black holes in AdS spaces [68] , the rotating black holes [69, 70] , radiating black holes [71] , the structure of relativistic stars [72] , the thermodynamics of the black holes [73] [74] [75] [76] have also been studied.
On the other hand, it is believed that there exists plasma fluid surrounding black holes and other compact objects.
When the light moves towards the compact objects through the plasma, the trajectory of light is different from the vacuum case. The theory of the light propagation in a curved spacetime in the presence of an isotropic dispersive medium was considered in the classical book of Synge [42] . Synge used the general relativistic Hamiltonian approach to deal with the geometrical optics in a dispersive medium. Furthermore, the influence of a spherically symmetric and time-independent plasma on the light defection in Schwarzschild spacetime and Kerr spacetime was discussed in the book of Perlick [43] . The effect of plasma on the shadows of black holes and wormholes has been investigated in [44] [45] [46] [47] [48] . Gravitational lensing by the compact object in homogeneous and inhomogeneous plasma was considered in [49] [50] [51] [52] [53] [54] [55] . Tsupko and Bisnovatyi-Kogan [56] have obtained an analytical formula for the photon deflection angle of Schwarzschild black hole in a homogeneous plasma in the strong deflection limit.
In this work, we shall investigate the strong gravitational lensing by this novel 4D EGB black hole in an unmagnetised homogeneous plasma medium. the deflection angle in EGB spacetime with homogeneous plasma in the strong deflection limit is derived. The influence of uniform plasma on the radius of photon sphere, the critical impact parameter, the deflection angle, the coefficients and the observable quantities of the strong gravitational lensing will be discussed.
The paper is organized as follows. In Sec. II, we study the photon sphere radius and the critical value of impact parameter of EGB black hole in uniform plasma. In Sec. III, we derive the expression for the deflection angle of light in EGB black hole in the presence of homogeneous plasma. In Sec. IV, we investigate the effects of homogeneous plasma on the deflection angle, the coefficients and the observable quantities for gravitational lensing in the strong field limit.
We end the paper with a summary in Sec. V. Throughout this paper we use the units in which G = c = = 1.
II. PHOTON SPHERE OF EGB BLACK HOLE IN THE PRESENCE OF PLASMA
In this section, we would like to study the photon sphere of EGB black hole surrounded by plasma. The line element of the EGB spacetime [60] is given by
where the functions A(r), B(r) and C(r) have the following form,
Here M is the mass of EGB black hole and the coupling constant α is constrained in the range −8 ≤ α/M 2 ≤ 1 [63] .
For the case 0 < α/M 2 ≤ 1, there are two horizons
While for the case −8 ≤ α/M 2 < 0, there is only one horizon r + , where the singular short radial distances r < 3 √ −8αM are concealed inside this outer horizon. So we will take the region −8 ≤ α/M 2 ≤ 1 for the coupling parameter in this paper. It has been shown that the metric is asymptotic flat by the expansion at large r.
We assume that the spacetime is filled with a spherically symmetric distribution of plasma with electron plasma frequency
where e and m are the charge of the electron and the mass of the electron respectively. The number density of the electrons N (r) is the function of the radius coordinate only. The relation between the refraction index n and the photon frequency ω is given as
It is found that when ω > ω p , the photon can propagate through the plasma. On the other hand, when ω < ω p , the photon motion is forbidden [50, 54] . Note that one has n = 1 in the vacuum case.
We start to calculate the strong gravitational lensing of the EGB black hole surrounded by plasma. The trajectories of photons in a curved space-time with plasma mediums, were obtained by Synge [42] . The Hamiltonian for the light rays around the EGB black hole surrounded by plasma has the following form [57] H(x, p) = 1 2 g µν p µ p ν + ω 2 p (r) = 0,
where p µ is the four-momentum of the photon and g µν is the contravariant metric tensor. Substituing (3) into (10), we get the equation
Using the Hamiltonian (10) for the photon around the EGB black hole, the paths of light rays are then described in terms of the affine parameter λ by
Because of the spherical symmetry, we can confine the photon orbits in the equatorial plane by taking θ = π/2 without the loss of generality. The coordinates t and ϕ are cyclic, leading two costants of motions which are the energy E and the angular momentum L of the photon
where ω ∞ is the photon frequency at infinity. From Eqs. (3) and (12), the expression for dr/dλ, dϕ/dλ is obtained in terms of p r and p ϕ
Using Eqs. (11) , (15) and (14), we obtain the equation of trajectory of a photon which is similar to the formalism in Ref. [22] dr dϕ
where
In the case ω p (r) = 0 or, equivalently W (r) = 1, Eq. (16) gives the motion of light ray in vacuum.
We are interested in a photon with a given enegy E that comes in from infinity, reaches a closest distance r = r 0 , and goes out to infinity. As r 0 corresponds to the turning point of the path, dr/dϕ vanishes and R p (r 0 ) = 0. Hereafter subscript 0 indicates the quantity at the closest distance r = r 0 . For a light ray initially in the asymptotically flat spacetime, the impact parameter can be represented as
With the help of Eq. (19), R p (r) can be rewritten as
To find the radius of photon sphere, which is the unstable circular photon orbit of static, spherically symmetric compact objects, one can introduce a function h(r) given by Perlick [55] h(r) 2 
The photon sphere radius r m is the biggest real root of the equation
From this equation, we obtain
where prime denotes the differentiantion with respect to the radical coordinate r.
Now we consider an EGB black hole surrounded by a homogeous plasma, that is, the plasma density is constant, which has the followin form
where β 0 is a positive dimensionless constant. Then we rewrite Eq. (23) as
This equation is complex and we can solve it numerically. The largest root of the equation corresponds to the radius of the photo sphere r m . In the absence of β 0 , from Eq. (25), the largest real root has a form
which is the photon radius of a EGB black hole in vacuum [63] . On the other hand, in the case α = 0, we can get the photon radius of Schwarzschild black hole with homogeneous plasma
which has been obtained in Ref. [56] . In the left panels of Fig. 1 we show the function r m /M for β 0 = 0, β 0 = 0.1, β 0 = 0.3, β 0 = 0.5 and β 0 = 07 respectively, and we demonstrate that the radius of the photon sphere of the EGB black hole decreases with the increase of α/M 2 for fixed β 0 . In the right panels of Fig. 1 we show the function r m /M
and α/M 2 = 1 respectively, and we demonstrate that the radius of the photon sphere of the EGB black hole increases with the increase of β 0 for fixed α/M 2 . It is clear that the presence of coupling constant α and parameter β 0 , which denotes the homogeous plasma, affects the photon sphere radius significantly.
We define the critical value of the impact parameter b c for the light ray as
The strong deflection limit corresponds to the limit r 0 → r m or b → b c . From Eqs. (4), (6) and (18), the critical impact parameter is given by 
III. STRONG GRAVITATIONAL LENSING OF EGB BLACK HOLE IN HOMOGENEOUS PLASMA
In this section, we will calculate the deflection angle of a light ray in the strong deflction limit in the EGB black hole spacetime with plasma medium. From Eq. (16), the deflection angleα p (r 0 ) for the photon coming from infinite to the EGB black hole in homogeneous plasma is given bŷ
where I p (r 0 ) is defined as
It is found that the deflection angle increases when the closest distance r 0 decreases, and for a special point, the deflection angle will arrive at 2π which means the photon winds a complete loop around the black hole. Furthermore, when r 0 approach the radius of the photon sphere r m the deflection angle will diverge [11] . To discuss the divergence,
Using Eqs. (4)- (6), (17) and (18), we can rewrite I p (r 0 ) as
where in the EGB spacetime the function G p (z, r 0 ) is given by
We can expand the above expression into a power series of z in the following form,
where c 1 (r 0 ) and c 2 (r 0 ) is obtained as
It is easy to get c 1 (r m ) = 0 in the limit r 0 → r m , while c 2 (r m ) is too complex in this limit. Furthermore, when β 0 = 0, i.e., in vacuum, in the limit r 0 → r m , the c 2 (r m ) term becomes, Since this expression is still intricate, for the sake of clarity, let's continue to look at the form under the limit of α → 0.
In the case β 0 = 0 and α = 0, r m = 3M , and Eq. (37) has a form
where the vacuum Schwarzschild solution is recovered. By the discussion above, we can find that the leading term of the divergence in f p (z, r 0 ) is z −1 in the strong deflection limit, which implies I p (r 0 ) diverges logarithmically.
One can separate I p (r 0 ) into two parts which are the divergent part I D (r 0 ) and the regular part I R (r 0 )
The divergent part I D (r 0 ) is defined as
I D (r 0 ) can be integrated and the result is
The regular part I R (r 0 ) is defined as
Using a similar derivation as in Ref. [38] , we obtain the deflection angleα p (b) in the strong deflection limit r 0 → r m or b → b c in EGB black hole with homogeneous plasmâ
The coefficientsā andb are obtained as
where the subscript m denotes the quantities at r = r m . In the vacuum case, i.e., β 0 = 0, and the coupling constant α = 0,ā andb will reduce to the formalism in Ref. [38] , where the author has derived the cofficients in a Schwarzschild black hole without plasma.
The numerical results of the strong field limit coefficientsā andb are shown in Fig. 3 and Fig. 4 . It is clear from the left panels of Fig. 3 , which refers to the strong field limit coefficientā for β 0 = 0, β 0 = 0.1, β 0 = 0.3, β 0 = 0.5 and β 0 = 07 respectively, that the strong field limit coefficientā increases with the increase of the coupling parameter α/M 2 for fixed β 0 . From the right panels of Fig. 3 , which refers to the strong field limit coefficientā for α/M 2 = −8, α/M 2 = −4, α/M 2 = −2, α/M 2 = 0, α/M 2 = 0.4 and α/M 2 = 1 respectively, we find that the strong field limit coefficientā increases with the increase of the plasma parameter β 0 for fixed α/M 2 . It is also clear from the left panels of Fig. 4 , which refers to the strong field limit coefficientb for β 0 = 0, β 0 = 0.1, β 0 = 0.3, β 0 = 0.5 and β 0 = 07 respectively, that the strong field limit coefficientb decreases with the increase of the coupling parameter α/M 2 for fixed β 0 . From the right panels of Fig. 4 , which refers to the strong field limit coefficientb for α/M 2 = −8, α/M 2 = −4, α/M 2 = −2, α/M 2 = 0, α/M 2 = 0.4 and α/M 2 = 1 respectively, we find that the strong field limit coefficientb increases with the increase of the plasma parameter β 0 for fixed α/M 2 . Obviously, the strong field limit coefficientsā andb are influenced by the choice of coupling constant α and plasma parameter β 0 .
IV. OBSERVABLES IN THE STRONG DEFLECTION LIMIT
In this section we consider the observables of the strong gravitational lensing in a EGB black hole with uniform plasma. We are interested in the case where the observer, the lens and the source are nearly in alignment, and the and α/M 2 = 1 respectively. Thus the lens eqaution can be written as [13] 
where △α n = α − 2nπ is the offset of deflection angle, and n denotes the loop numbers of the light ray around the light sphere.
The angular position θ n between the lens and the n-th relativistic image and the magnification of the n-th relativistic image µ n can be obtained approximately as
where θ 0 n is the angular position corresponding to the case that the light ray winds completely 2nπ and can be expressed as
In the limit n → ∞, we can find the relation between the critical impact parameter b c and the asymptotic position θ ∞ approached by a set of images
Since the outermost relativistic image is the brightest, we use the observable s to describe the separation between this first image θ 1 and all the others packed images at θ ∞ , and the other observable R to represent the ratio of the received flux beteween this first image and all the others images [13] . Using Eqs. (50) and (51), the angular separation s and the ratio of the flux R can be obtained as
If the observables s, θ ∞ and R are available, the coefficientsā andb in the strong deflction limit and the critical impact parameter b c can be obtained easily byā
Then one can numerically compute the above value by measuring the observables s, θ ∞ and R and study their difference with the corresponding theoretical coefficients.
From recently observation [39] , the distance between us and the supermassive black hole M87 * is D OL = 16.8 ± 0.8
Mpc, and its mass is M = 4.28 × 10 9 M ⊙ where M ⊙ is the mass of the sun. The lens is supposed to be the black hole M87 * , and it is described by the EGB black hole. With these data we can estimate the values of the angular As shown in the left panels of Fig. 6 , the value of s is expressed as a function of α/M 2 for β 0 = 0, β 0 = 0.1, β 0 = 0.3, β 0 = 0.5 and β 0 = 07 respectively. As the coupling parameter α/M 2 increases, the angular image separation s increases for fixed β 0 . It is shown that in the right panels of Fig. 6 , the value of s is expressed as function of β 0 for In the left panels of Fig. 7 , we show the value of r as function of α/M 2 for β 0 = 0, β 0 = 0.1, β 0 = 0.3, β 0 = 0.5 and β 0 = 07 respectively. As the coupling parameter α/M 2 increases, the relative magnifications r decreases for fixed β 0 . In the right panels of Fig. 7 , we show the value of r as function of β 0 for α/M 2 = −2, α/M 2 = 0, α/M 2 = 0.4 and α/M 2 = 1 respectively. As the plasma parameter β 0 increases, the relative magnifications r decreases for fixed α/M 2 . We find that as α/M 2 tends to 1 for different plasma parameter β 0 , the relative magnifications r converges to the value at α/M 2 = 1 in the vacuum case, which means plasma has little influence on the relative magnifications.
In Table I , we list the numerical estimates of the observables as well as the theoretical parameters b c ,ā andb in strong gravitational lensing by a EGB black hole in vacuum and a EGB black hole in uniform plasma. In Table I , the parameter β 0 = 0 corresponds to the case of EGB black hole in vacuum and α = 0 means the case of Schwarzschild black hole in homogeneous plasma. From Table I , we can easily obtain the differences of the observables and theoretical parameters between the Schwarzschild black hole and the EGB black hole, as well as the EGB black hole with various plasma parameter.
V. CONCLUSIONS AND DISCUSSION
In this work, we have investigated the strong gravitational lensing of 4D Einstein-Gauss-Bonnet black hole in homogeneous plasma. In the presence of plasma around a black hole, the trajectory of a photon differs from the null geodesic in vacuum, resulting in the changes of the deflection angle of light. Using Hamilton's equation of the light ray in plasma with a frequency dependent refraction index, we have derived the equation of motion for light rays in EGB black hole. It has been shown that when the plasma parameter β 0 goes to zero, the EGB behavior in vacuum is recovered, and the coupling parameter α goes to zero, the Schwarzschild behavior in uniform plasma is also recovered.
We numerically obtained the theoretical strong field limit parameters r m , b c ,ā andb in uniform plasma. Among these parameters we found that the radius of the photon sphere r m , the critical impact parameter b c and the strong field limit coefficientb decrease monotonically, while the strong field limit coefficientā increases monotonically, with the increase of the coupling parameter α/M 2 for fixed plasma parameter β 0 . On the other hand, the radius of the photon sphere r m , the strong field limit coefficientā and the strong field limit coefficientb increase monotonically, while the critical impact parameter b c decreases monotonically, with the increase of the plasma parameter β 0 for fixed coupling parameter α/M 2 . Modelling the supermassive M87 * with this EGB black hole, we have estimated the observables including the angular image position θ ∞ , the angular image separation s and the relative magnifications r of the relativistic images in uniform plasma. We have shown that among these observables, when the coupling parameter α/M 2 increases for fixed plasma parameter β 0 , the angular image position θ ∞ and the relative magnifications r decrease, but the angular image separation s increases. When the plasma parameter β 0 increases for fixed coupling parameter α/M 2 , the angular image position θ ∞ and the relative magnifications r decrease, but the angular image separation s increases. Obviously, the presence of the coupling constant α and plasma parameter β 0 affect all the theoretical parameters and the observables in strong gravitational lensing of 4D EGB black hole. Moreover, we have found plasma has little effect on the angular image separation as α/M 2 → −8 and the relative magnifications as 
